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Disclaimer

This report is the culmination of work conducted by Cal Poly Humboldt Students enrolled
in the Environmental Science and Management Planning and Policy Practicum Class over
the spring semester 2022. This work was completed for Jennifer Kalt, Director of Humboldt
Baykeeper, their community client. The views and analysis expressed in this report are
solely those of the authors and do not necessarily reflect those of Jennifer Kalt, or
Humboldt Baykeeper. Care should be taken when using the results from this work for
planning purposes and readers should be aware that these findings stem from student
analysis. If you have any questions regarding the content of this report or the analysis, feel
free to contact the instructor of the course: Dr. Laurie Richmond; email:
laurie.richmond@humboldt.edu
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Executive Summary
Native clams and Olympia oysters are bivalved molluscs, which have been part of the
coastal ecosystems of the North American West Coast for millennia, providing food and
cultural value to people, supporting the local food web including birds and fishes, and
improving water quality. While native clam and Olympia oyster populations have been
largely reduced across the West coast, here in Humboldt County, in ancestral Wiyot waters,
there are small populations scattered throughout Wigi (Wiyot name for Humboldt bay).
This loss of populations has been largely due to overconsumption as well as habitat
reduction and pollution from the activities of European settlers. Much of the stretching
mudflats and channels in Wigi that provided suitable habitat for clams were diked and
levied to create more agricultural lands. Presently, 75 percent of the Wigi shoreline is
artificial. With sea levels rising, much of these shorelines are vulnerable to tidal inundation
and flooding of significant resources. Indeed, European-American settlement and
attempted genocide of Indigenous peoples have had catastrophic and lasting impacts on
Wiyot peoples, lands, waters, and lifeways. While these impacts expand far beyond the
issues discussed in this report, we are focusing on the restoration models and habitat
selection for key bivalve species in Wigi, with the hopes that our research will be of
assistance to Humboldt Baykeeper as well as the the Wiyot Tribe and other groups who
wish to utilize bivalve restoration as a project for food sovereignty and resilience planning.
We were presented with the idea of researching the suitability of a native Olympia
oyster restoration in Humboldt bay by the Executive Director of Humboldt Baykeeper,
Jennifer Kalt, who has been our community partner throughout the project. We began by
conducting background research related to Olympia oysters, native clams, bivalve
restoration, living shorelines and sea level rise planning. During our research, we decided
to broaden the scope of our project to include clam garden restoration. Next we conducted
interviews with a local oyster producer, an Olympia oyster restoration project manager, a
Humboldt local with expert knowledge of the physical features of Wigi, and a local planner
and former Harbor District manager. Based on this initial research, our team decided to
hone in on three bivalve restoration scenarios that could be applicable in Wigi:
1. Olympia oyster restoration using shell substrate,
2. Olympia oyster restoration for sea level rise resilience, and
3. Clam garden restoration.
After determining the restoration scenarios, we explored possible locations to
implement restoration activities. We created a list of ecological parameters that we used to
base our site selection. Using GIS data that was collected through a variety of sources, and
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the ecological parameters, we identified four locations that were determined were suitable
for bivalve restoration;
1. Samoa Dunes and Wetlands,
2. Gannon Slough,
3. Baduwa’t Slough,
4. Woodley Island.
Next we organized a field tour of the four sites and invited staff from the Wiyot Tribe’s
Natural Resources Department, Save California Salmon, and Cal Poly Humboldt Food
Sovereignty Lab Steering Committee, as well as our interviewee’s, our community partner
and practicum professor. Prior to the field tour, we compiled our data into site maps and a
developed brief field guide to hand out to tour participants. Through the culmination of
research online, in interviews, and on the field tour, we determined which restoration
scenarios would be most applicable in each site. The Samoa Dunes and wetlands site would
be suitable for scenarios one and three. The Gannon Slough site would be suitable for
scenarios one and two, whereas Woodley Island would benefit from scenario two due to its
vulnerability to sea level rise. Any one of these three scenarios could serve as an exciting
pilot project for Wigi, offering several cultural, educational, and ecological benefits to not
only the community but to the vitality of the bay.
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Introduction
Who are we, and why did we start this project?
We are a group of four students in the Environmental Science and Management
department of Cal Poly Humboldt, working together in our senior capstone planning and
policy class with Professor Laurie Richmond. We are grateful to Jennifer Kalt, director of
Humboldt Baykeeper, who presented the idea for this project to our class and has provided
us with excellent guidance and resources throughout our research. Our interest in this
project stems from our passion for environmental restoration, our interest in decolonizing
research, and our connection to the lands and waters that are part of the Wiyot ancestral
territory.
Our mission:
To increase community awareness of native clams and oysters and the possibility of
implementing a bivalve restoration project on Wigi (Humboldt Bay), while supporting the
Wiyot Natural Resources (NR) department in their efforts to increase food sovereignty.
Our Goals:
The goal of this project is to provide Humboldt Baykeeper with a report of potential
designs, sites, benefits, and stakeholder opinions related to developing a native Olympia
oyster and clam garden restoration pilot project on Wigi. This suitability analysis will
examine several different locations across the bay and compare the feasibility of (1) an
Olympia oyster restoration, (2) an Olympia oyster living shoreline restoration for sea-level
rise, and (3) a clam garden restoration. Based on our research, we will provide an analysis of
four sites in North Humboldt Bay for various bivalve restoration strategies. The maps in this
report display potential sites based on ecological and regulatory parameters for successful
bivalve restoration.
This potential pilot bivalve restoration project will provide multiple benefits to
communities around Wigi, positively affecting bay ecology, sea-level rise mitigation, and
Indigenous cultural practices. It also has the possibility of serving as a collaborative
educational site for students across Humboldt County.
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Language and Terminology:
In this paper, we will be using Wiyot place names and terminology, as depicted on
this map shared by the Wiyot Tribe, whenever possible and appropriate (Figure 1). Using
Indigenous names reminds us that the places and organisms that we research have
continuing relationships with Indigenous peoples whose land we are occupying. For
example, Wigi is the Wiyot name for the body of water which has been renamed Humboldt
Bay, and Jaroujiji’ is the Wiyot name for the land occupied by the City of Eureka. However,
when referring to organization names and government agencies, we will not replace the
English words with Wiyot place names.

Figure 1. Wiyot Ancestral Territory Map with Indigenous Place Names and Translated English Names
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History
The Olympia oyster is a small bivalve that is native to the western coastlines of land
currently occupied by the United States and Canada. It was commercially important in the
19th century and was cultivated in Washington until its massive decline in the 1950s (Baker,
1995). Native Olympia oysters (Ostrea lurida) once occupied thousands of acres of
productive, diverse habitat in Wigi and other regions in California. However,
mismanagement of the bay by colonial settlers, including over-harvesting, diking and filling
wetlands, increased sediment loads, the introduction of invasive species, and pollution, has
caused Olympia oysters to drop down to one percent of their original population (Wasson
et al., 2015). The small populations that do still exist in Wigi are located in the submerged
intertidal zones (land underwater at high tide, and above water at low tide), a difficult place
to access. Wigi is predominantly a marine environment with brackish and freshwater
influences limited to the mouths of several tributaries draining to Wigi (Laird, 2013). Areas
in Northern California are some of the last places where the Olympia oyster is still
prevalent and commonly known (Baker, 1995). Species within Wigi have been wiped to near
extinction, and the last remaining species are scattered across differing sloughs in North
Humboldt Bay (Wasson et al., 2015).
As European settlers colonized the territory of the Ohlone people in the San
Francisco Bay area, overharvest, pollution, and sedimentation led to rapid decline of
Olympia oysters. By the mid-1800s, demand for the oysters was far greater than the bay
could supply, and settlers began looking north to Willapa Bay, Washington, which at that
point was newly under the occupation of the US (Peabody and Peter-Contesse, 2005). In
the early 1930s, several companies attempted to cultivate Olympia oysters in Arcata Bay in
cooperation with the State of California and Humboldt County, with a diking system.
Results did not yield and very few Olympia oysters were actually marketed from Arcata Bay,
and the industry soon came to a close. (Baker, 1995). However, in the 1950s the seeds of
Pacific oysters were brought into Wigi and cultivation began to grow and continued to
flourish into the booming industry that exists in Wigi today (Poor, 2011).
Wigi: physical features of the bay
Wigi is located roughly 100 miles south of the Oregon border and roughly 260 miles
north of San Francisco. The shoreline of Wigi is defined as the boundary between the upper
reach of the tidal zone and adjacent upland, often visible as the boundary between
salt-tolerant vegetation versus freshwater vegetation (Laird, 2013). The bay’s hardened
shorelines cause the reflection of waves around the bay and prevent waves from dissipating
which has changed the influence of dynamic processes of erosion, subsidence, and silt
accretion that are slowly eating away many of the bay’s natural and manmade shorelines
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(Anderson, 2015). Wigi is predominantly a marine environment with brackish and
freshwater influences limited to the mouths of several tributaries. There are two wide,
shallow regions that are separated from the open ocean by sand spit barriers. North and
South Bays are connected to Entrance Bay, which is a narrow area dominated by navigation
channels, adjacent to Jaroujiji’ (Wiyot name for the land currently occupied by the City of
Eureka; Figure 1).
When Europeans began to settle in Wigi, they put great effort into reclaiming land
for agriculture by draining wetlands and erecting extensive dike and levee systems to cut
off tidal influence. This created productive agricultural lands. The development and
introduction of new agricultural industries also led to the degradation and reconstruction
of Wigi shoreline. Roughly 75% of Wigi’s shoreline is artificial and is vulnerable to habitat
loss, erosion, and pollution (Laird, 2013). Much of the agricultural conversion of wetlands
around the bay relied on the creation of artificial shorelines for transportation, protection,
and grazing lands. This destroyed native habitat and displaced native species.
Land-use changes in the bay allowed for the expansion of shipping in Jaroujiji and
Fields Landing (Barnhart, 1992). Rapid wetland loss occurred when the Northwestern
Pacific Railroad along the eastern margins of the bay was built in 1901. This construction
transformed nearly half of the North Bay shoreline from the estuary into an artificial
shoreline. The development of Woodley Island came from dredge spoils placed on top of
the tidal marsh (Barnhart, 1992). Woodley Island’s original use was to repair ships used for
the logging industry that would leave and return to Wigi (Barnhart, 1992).
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Figure 2. Locator Map of Study Area along Wigi in Northern California

Cultural Significance
Native clams and Olympia oysters have been part of the coastal ecosystems of the
North American West Coast for millennia, providing food and cultural value to people,
supporting the local food web including birds and fishes, and improving water quality. To
consider the cultural benefits of a bivalve restoration project in Wigi, we must begin by
recognizing that the Humboldt Bay region is occupying the ancestral land and waters of the
Wiyot peoples which includes the Wiyot Tribe, Bear River Rancheria, and the Blue Lake
Rancheria. The Wiyot Tribe’s Natural Resources (NR) Department has been active leaders
wherever possible in the management of these coastal lands and waters, and have
expressed interest in the possibility of being part of a bivalve restoration project. The Wiyot
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Natural Resources Department is currently searching through written and oral histories to
document the cultural significance of native clams and Olympia oysters, because it is likely
that they existed in this area and were utilized. Many species of native clams were found in
the shell middens of archeological digs around Wigi, and Olympia oysters were found to be
a significant part of the shell middens near the Yurok Tribe’s Sumeg village site
(Tushingham et al, 2016 and Baker, 1995).
Sea Level Rise
Sea Level Rise (SLR) is one of the most imminent threats to California's coastline. In
California, sea level rise will directly affect vulnerable areas such as coastal communities,
estuarine habitats, and vulnerable coastal dwelling species (Anderson, 2015). The
inundation of rising sea levels could cause enormous physical damage as well as economic
damage. Beginning in 2006, with funding from the State Coastal Conservancy, a group of
local scientists, resource managers, and stakeholders established a Science Advisory Team
to explore how ecosystem-based management could be applied to Wigi (Anderson, 2015).
Sea level rise already threatens many areas surrounding Wigi that are currently protected
by the natural shoreline, levees, and road or railroad grades from flooding by extreme high
tides and storm events, and many more vulnerable areas will be threatened by SLR within
the century (Anderson, 2015). With the threat of shoreline erosion and subsidence due to
sea level rise, finding remedies for mitigating sea level rise issues is increasingly necessary.
Projections for sea level rise are estimated to rise to 11-feet by the year 2100, and 4-feet by
the year 2060 (King, 2021). When considering possible solutions for sea level rise, scholars
have described a continuum of solutions ranging from "gray" solutions like seawalls and
dikes that artificially protect coastlines from inundation, to softer "green" solutions such as
living shorelines (Newkirk et al., 2018). While these “gray” solutions may, in some cases,
provide necessary short-term protection, these artificial structures also tend to accelerate
shoreline erosion and eventually lead to the loss of critical wildlife habitat (Newkirk et al.,
2018). As Aldaron Laird has shown, “approximately 26 miles of artificial shoreline are rated
highly vulnerable to breaching or being overtopped”. That is why the use of living
shorelines are being used in appropriate settings as an extremely valuable long term
solution for sea level rise planning.

Methods
Research/ Structure
In the conception of this project, our team was focused primarily on Olympia oyster
restoration. The foundation of this project involved collecting and collating any research,
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documents, and materials related to native oysters, living shoreline restoration techniques,
SLR adaptation techniques, and cultural connections. This was done using Google Scholar,
and other available search engines. We compiled relevant resources into a single document
and began making citations that would be used to form the substance of this paper. Within
this initial research, we began to recognize the main aspects of Olympia oyster restoration
that could be arranged into four main categories: ecological, cultural, SLR mitigation, and
educational. During our research, we decided to broaden the scope of our project to
include clam garden restoration. The structure of this project first provides background on
the research location and species of interest, then analyzes three bivalve restoration
scenarios, and lastly presents four potential locations around Wigi that were deemed
suitable for one or more of the restoration types.
Mapping and Parameter Identification
With the help of our client, Jennifer Kalt, we were able to access geographic
information science (GIS) data from a variety of agencies. We created a set of parameters
that would aid in the identification of areas with the highest suitability for bivalve
restoration. This was done through much research on previous bivalve restoration
parameters. We also wanted to include ecological, regulatory, cultural, and educational in
our list. We drew heavily from a parameter sheet originally created by Wasson et al. in 2015
for an Olympia oyster restoration along the west coast of the United States. This parameter
sheet has set conditions for oyster restoration, seeding, and conservation.
We were able to gain access to a Digital Elevation Model (DEM) of Wigi conducted
by the Coastal Ecosystem Institute of Northern California (CEINC). Most of the shapefiles
were gathered from the Humboldt Bay Harbor Recreation & Conservation District
(HBHRCD). This data included major parcel owners around Wigi, clam beds, and eelgrass
populations. The remaining data came from the Humboldt County website under their GIS
download page. From here, we gathered data on the remaining parcels and land
information systems that contain APN, zoning, land use, and addresses.
The use of GIS on our project was crucial because it assisted in finding which areas
are public land or private land. The data also provides information about the landowner for
possible contact related to site visits and feasibility assessments. A large concern for the
potential sites was the risk of sea-level rise in the surrounding area. Using the current sea
levels from the DEM, we were able to estimate the potentially inundated areas in the next
ten to thirty years. These future SLR projections were estimated using a raster calculator
to determine how a one and two meter increase might present itself across Wigi. These
years were chosen from an older Olympia oyster restoration grant. The previously
proposed native oyster restoration project had estimated that Humboldt County will see a
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0.9-meter increase by 2030 and a 1.9-meter increase by 2050. Based on these projections,
we were able to create a map that illustrated this (Figure 3). The beige color is a sea level
rise of one meter and the lilac color is a two meter increase.

Figure 3. Potentially inundated areas of Wigi with the occurrence of sea-level rise. There is also the
inclusion of parcel owners around the areas that were potential sites

Another concern for our group was the elevation needed for oysters to thrive. Based
on our research and interviews conducted, we had determined that the best range of
elevation for oyster beds is within one foot (-1) below sea level to two (2) above. We also
wanted to include the potential effects of sea-level rise on the oyster beds and included a
buffer both above and below our suitable elevation. The map below (Figure 4) illustrates the
elevations of Wigi based on Light Detection and Ranging (LiDAR) imagery from 2013. The
elevations are taken at mean lower low water (MLLW) which are relative to a particular
location. In this case, it would be adjusted by 0.72 feet. As a disclaimer, the DEM does not
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always depict MLLW elevations correctly due to water levels being too high in some
portions of the bay at the time of the flights.

Figure 4. Elevation and Eelgrass in the North Bay of Wigi with the inclusion of four potential
locations for bivalve restoration

The information from the maps above (Figures 3 and 4) assisted in the selection of
four potential sites for the implementation of bivalve restoration techniques.
Interviews
We conducted Interviews with four people in order to get a broad overview of the
suitability of a bivalve restoration. All interviews conducted were done according to
protocols outlined by our Institutional Review Board (IRB) proposal. Our proposal was
approved under Cal Poly Humboldt IRB 21-100. Our goals for interviews were to gain an
insight into how different professions felt about bivalve restoration. We wanted to ask a set

Bivalve Restoration Suitability Analysis in Wigi

15

of questions that pertained to their knowledge. This was a part of the way we wanted to
collect data as everyone we had interviewed had some relation to our project. This could
have been through the regulatory processes of restoration in a tidal zone or a previous
implementation of oyster beds.
The majority of the contacts were given to us by our community client, Humboldt
Baykeeper. It was also important to branch out and find people of different backgrounds to
get a broader view of how suitable a bivalve restoration could be in Wigi. We reached out to
a total of twelve different people but were only able to conduct interviews with four of
them. There was a lack of response from two individuals and the remainder had conflicting
schedules with our availability. Of the four that were interviewed, they each had various
professions and allowed us to receive input on what our project could improve on and to
what extent it would be implemented.
For our interviews, we created a set of three interview guides - people working in
oyster farming/restoration projects, people with expertise in local/state or federal policy
and regulation, and representatives from Wiyot and other surrounding tribes (see Appendix
A). Based on these guides, we fine-tuned the questions to the interviewee's experiences.
The meetings were conducted via zoom and took approximately an hour each. There was a
single facilitator for each of the interviews and the rest of the group were listening and
taking notes. There were times when there was no need for an interview guide due to the
interviewee addressing all the topics without being asked. This was especially true if the
interviewee was very passionate about the topic and had a wealth of knowledge. When the
interview was over, the research team analyzed the interview notes and pulled relevant
information to add it to our research document.
Community Field Tour/Site Visit
The information we gathered helped us create a field tour for local individuals.
These individuals represented Humboldt Baykeeper, the Wiyot Department of Natural
Resources, Save California Salmon, and Trinity Associates. Communication between the
groups was conducted via email. We created an agenda with potential locations along Wigi,
most of which were in North Bay. These sites included Woodley Island, Samoa Wetlands
Property, Ma-le’l Dunes North (Baduwa’t Slough), Gannon Slough, and the Humboldt Bay
National Wildlife Refuge (HBNWR). In preparation for the field tour, we created a field guide
that gave a brief overview of what our project is about as well as information on native
oysters and clams.
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About Olympia Oysters
Along the North-Western coast, there is only one abundantly occurring species of
native oyster; the Olympia oyster (Ostrea lurida) (Wasson et al., 2014). These bivalve
mollusks provide many services to their environment and have been utilized by humans for
millennia. In one study, Olympia oysters were found to be a significant part of the shell
middens near the Yurok Tribe’s Sumeg village site (Baker, 1995). In Wigi, beginning in the
1900s, overharvest of this species, increased coastal development, destruction of wetlands,
and increased water pollution led to significant declines of the Olympia oyster (Laird, 2013).
Many native habitats have been destroyed and refitted for an industrial society, and the
critical ecological and social benefits provided by these aquatic ecosystems have been
reduced significantly. Today, native oysters exist primarily as small remnant populations in
bays and estuaries (OC Coastkeeper, 2022). However, one of the largest remaining
populations is located in Wigi, where many native oyster beds have been documented in
recent years by the local expert SLR environmental planning consultant, Aldaron Laird
(Laird, 2022; Steele, 1957; Wasson et al., 2014).
Since the introduction of larger oysters to the Pacific coast of North America,
Olympia oysters are no longer a commercially cultivated oyster. Their slow growth and
small size makes culturing them for the market minimally profitable, if at all. There are
currently companies on the West coast that do produce Olympia oysters, but they are
primarily considered a luxury item. For reference, it takes 1600-2000 shucked raw O. lurida
to fill one gallon compared to 80-149 shucked Pacific oyster Crassostrea gigas (Baker, 1995).
Hog Island Oyster Company, which started in 1983 in Tomales Bay, California is now a major
producer of certified sustainable shellfish with numerous locations along the West Coast.
Hog Island Oyster Co. was also California’s first permitted oyster shellfish hatchery in Wigi.
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Life cycle

Figure 5. Ostrea Lifecycle: adult males release sperm that is taken up by nearby females. Eggs are
fertilized within the mantle cavity and developing larvae are brooded to the veliger stage, released
into the plankton, and transported with tides and currents. Larvae settle irreversibly onto a hard
substrate as juvenile oysters and grow to sexual maturity within months to a year. Olympia Oyster
Lifecycle. (Life cycle of the Olympia oyster. Illustration by Julia C. Blum, source: NOOC, 2020)

Olympia oysters are protandrous hermaphrodites, meaning that they typically, but
not always, start out as males—and may switch sexes twice within the course of a year
(Moore et al., 2011). The gonads form at about eight weeks after settlement and the
spermatogonia mature at about five months, the oogonia mature at six months of age.
Unlike their cousins, the Eastern and Pacific oysters, Olympia oyster larvae are brooded
within their mother’s mantle for 7-12 days, before they are released as tiny bivalved larvae
into the plankton (Baker, 1995). The sexual cycle after the initial male phase follows a
female-male recuperation stage cycle (NOOC, 2020). As a requirement for this process,
Olympia oysters need a water temperature of at least 12.5 degrees Celsius for six months to
reproduce (Baker, 1995).
Adult oysters are sessile organisms, living attached to a hard substrate, but begin
their lives as swimming larvae. Oyster larvae can feed and swim weakly and may be
dispersed by currents and tides. They may settle out of the plankton as quickly as five days
or drift for up to four weeks before attaching to substrate and growing into adult oysters.
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The process of new oyster settlers becoming part of a population of oysters is called
recruitment. These newly settled oysters are also called "spat." O. lurida nears maximum
size in about four years and grows relatively little after that (Baker, 2005, NOOC, 2020)

Figure 6. Tiny shelled oyster larvae are brooded inside their mother's mantle cavity.
(Source: James Moore, CDFW; NOOC, 2020)

Figure 7. Oyster larvae swim and drift on currents.
(Source: James Moore, CDFW; NOOC, 2020)
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Figure 8. Newly settled Olympia oysters or spat. (Source: Chela Zabin; NOOC, 2020)

Habitat
Olympia oysters are found in many saltwater ecosystems including coastlines, bays,
estuaries, and sloughs. However, their habitat is somewhat limited by elevation; typically
they only occur between one meter above and 10 meters below the Mean Lower Low Water
(MLLW) level. They reside in estuaries, possibly due to the high wave energy and
sedimentation that occurs along the open coast (Baker 1995). Although they are more
commonly found in estuaries throughout the entirety of their habitat range, in the ocean
they prefer shallow subtidal areas or large tidal pools, but can sometimes be found in the
intertidal zone at least two m below MLLW level (Baker, 2005). In California, they are most
abundant around the MLLW -0.5 - 0.1 meter tide mark (Whitcraft, 2022). However, they
have been reported from as high as 1 m above MLLW to depths of 10 m (Baker 1995). As
Gary Fleener, from the Hog Island Oyster Company, explained, the oysters seem to have
fewer problems at lower than average depths than at higher than normal depths. Through
her restoration work in San Diego estuaries, Christine Whitcraft hypothesizes that this
could be due to competition by nonnative species of oyster which prefer or require the
shallower waters (Whitcraft, 2022). While there has not been conclusive research on why
this is, it has been shown repeatedly that as far as water depths, deeper (up to 10 meters) is
safer from competition.
As a foundation species, much like coral or kelp species, Olympia oysters play a
strong role in structuring communities of other marine species. Oysters create a habitat
for many small invertebrates and fish that can live on the shells of live oysters, inside shells
of dead oysters, or in the spaces between oyster shells. The accumulation of sediment that
occurs within the beds and shell mounds provides additional habitat for aquatic vegetation
such as the Northwest coastal native eelgrass (Zostera marina) . Unlike other species of
oysters, Olympia oysters require a firm structure to attach to but readily settle on very
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small pieces of hard substrate, which allows the species to form loose reefs in soft shallow
mud areas. Their presence increases both habitat complexity and biodiversity. Many
coastal and marine mammals rely on oysters as a food source including otters, birds, and
raccoons (Olympia Oyster Restoration, 2022). As shown in this picture by Aldaron Laird,
they can be found in Wigi along Gannon and Mad River sloughs.

Figure 9. Olympia Oysters found in Gannon Slough (Source: Aldaron Laird)

In addition to their contribution to habitat formation, oysters are filter feeders,
drawing water into their bodies and removing tiny phytoplankton. Large numbers of
oysters may improve water clarity by moderating excessive nutrient loads. This benefits
aquatic vegetation, which depends on light to carry out photosynthesis (NOOC, What do
oysters do? n.d).
Environmental stressors
The main biotic stressors are predation, competition, and pathogens. The main
abiotic stressors are low salinity, high air temperature, hypoxia, acidification, and
sedimentation (Figure 10; Wasson et al., 2014). According to the research being done in San
Francisco Bay, the most frequently encountered stressors were sedimentation and
predation. Cold water temperatures, warm air temperatures, and freshwater inputs were
also common concerns at many bays (Wasson et al., 2014). Various environmental stressors
have different impacts, some more severe than others, and some are encountered more
often. Research shows that Olympia Oysters were most sensitive to sedimentations, and it
has a high exposure rate (meaning it is a commonly occurring issue) (Table 1). The main
categories of environmental stressors are predation, salinity, sedimentation, low dissolved
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oxygen, prolonged exposure to low water temperature, and overexposure to high air
temperature during low tide (Trimble et al., 2009; Wasson, 2010; Wasson et al., 2014).

Figure 10. Conceptual diagram of main supportive factors and stressors affecting Olympia oyster populations in
central California. Arrow thickness represents relative importance of factors (low, medium or high) based on a
synthesis of research and literature compiled by Wasson et al. (Wasson et al., 2015).
Table 1. Overview of Olympia Oyster Sensitivity and Exposure to Different Stressors. From the “Guide to Olympia
Oyster Restoration and Conservation”, this chart demonstrates the various stress factors and denotes their severity
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with yellow, orange, and red (Wasson et al., 2015).

Predation
Juvenile stages of Olympia oysters are particularly susceptible to predation,
although some predation is specific to their adult forms (Wasson et al., 2015). Research
done in the north part of Wigi suggests that Atlantic oyster drills (Urosalpinx cinerea) and
red rock crabs (Cancer productus) are likely to present the biggest threat to restoration in
Wigi. Oyster drills are small snails, introduced from Northern Europe, that use a
sandpaper-like radula (tongue feature) to drill a hole in the shells and suck out the flesh of
oysters (Figure 11). With their large claws, the California native red rock crabs are able to
easily crack open the shells of Olympia oysters. In contrast to their negative impacts on
oysters through predation, red rock crabs also prey on oyster drills, which can reduce
predation pressure on oysters overall. Although Atlantic oyster drills and red rock crabs are
the main stressors to the Olympia oyster populations in Wigi, there are many lesser
disruptive predators including many crab species Dungeness crabs (Metacarcinus magister
Dana, 1852), Graceful rock crabs (Metacarcinus gracilis Dana, 1852), Pacific oyster drills
(Ceratostoma inornatum Carlton 1979), bat rays (Myliobatis californica Gill 1865) and
Japanese oyster drills (Ocenebra inornata) (Barrett, 1963). As temperature, salinity, and
other environmental conditions vary, so too will the predator species (Kimbro et al., 2009;
Buhle and Ruesink, 2009; Micheli and Peterson, 1999; Koeppel, 2011). Additional
environmental stressors can arise from the shoreline and tidal modification, bycatch
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mortality from commercial harvest, and impacts on genetic fitness from unrestricted
distribution of commercially harvested oysters (Baker, 1995).

Figure 11. Atlantic Oyster Drill, a non-native predator of Olympia oysters. (Source: the Chesapeake
Bay Program)

Salinity
Olympia oysters are moderately euryhaline, an aquatic organism able to withstand
high salinity levels, and do not fare well with excessive freshwater input (Baker, 2005).
Although Olympia oysters tolerate a range of salinity levels, low salinity exposure is
stressful, can reduce reproduction (Oates, 2013), and cause death in severe cases (Gibson,
1974). Research has shown that juvenile Olympia oysters suffered significant mortality when
exposed to salinity levels below 10ppt for five or more days (Cheng et al. 2015; Cheng et al.,
2017; Wassen et al, 2015). Within Wigi, there are few places where freshwater flows will
affect Olympia oyster production. Specifically in Rrak Vou’r Halu Wigi (Arcata Bay), there
are three main freshwater drainages without tide gates that have open-ended channels at
the tidal-freshwater interface: Jolly Giant Creek/Butcher Slough, Jacoby Creek, and Janes
Creek/McDaniel’s Slough (Laird, 2014). Following heavy precipitation events, the large
influx of freshwater flow surrounding these areas could threaten Olympia oyster
populations.
Sedimentation
Olympia oysters are highly sensitive to sedimentation, and it is by far the most
commonly encountered stressor across bays and estuaries along the west coast. Olympia
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oysters cannot survive extended durations of burial in soft sediments. Sedimentation rates
have also increased at many estuaries, such that oysters can no longer survive on tiny bits
of the natural hard substrate on the bottom or the low-relief oyster reefs that Olympias
may have once made (Wassen et al, 2015).
Grain size is an important aspect of sedimentation (Thrush et al. 2004); while
significant accumulation of fine-grained sediment could limit water circulation and
challenge feeding and respiration, even complete sediment burial in coarser-grained sands
may not be detrimental. Sediment types and deposition and movement rates interact with
the availability of larger hard substrates at a site. If the only hard substrates available to
oysters at a site are limited numbers of shells of other oysters, then they cannot survive
many depositions of fine sediments. However, at sites with large hard substrates, such as
natural boulders or artificial rip rap, oysters can be raised above the sediment sufficiently
to avoid burial. One example similar to Wigi is Elkhorn Slough in Monterey County, which
consists of mudflats with deep fine sediments. Oysters are entirely absent from these
areas, except where artificial hard substrates are available for attachment, allowing them to
avoid burial (Wasson, 2010).
Low Dissolved Oxygen
Hypoxia is the depletion of oxygen from water, typically defined as a dissolved
oxygen threshold below 2–5 mg/L (by different standards). Estuaries and near-shore
systems often exhibit hypoxia as a result of eutrophication. Eutrophication stimulates the
primary production of plants, which then die and are decomposed via microbial
consumption, which depletes the water column of oxygen. Overproduction of plants (e.g.,
algae) can also reduce dissolved oxygen at night when plants respire. Worldwide, hypoxia
appears to be expanding in frequency and areal extent (Diaz and Rosenberg, 2008). This
poses a problem to Olympia oysters because periodic die-offs have been observed at
Elkhorn Slough at sites with restricted tidal exchange following unusually long anoxic
periods (Wasson, unpublished data).
Prolonged Exposure to Low Water Temperature
Prolonged exposure to excessively cold water can hamper oyster reproduction and
growth. Numerous studies have correlated the onset of reproduction or larval settlement
with particular temperatures; for instance, recently Oates (2013) found gametogenesis to
occur at temperatures greater than 14.5°C in Coos Bay, Oregon, while other recent studies
documented reproduction at a range from 12–21°C, but higher temperatures led to much
faster production of larvae following reproductive onset (Wasson et al., 2014).
Overexposure to High Air Temperature During Low Tide
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Air temperatures during low tide can reach and exceed oysters’ thermal maximum,
while water temperatures rarely reach these high levels. An experiment by Wasson et al.
showed that Olympia oysters can withstand high air temperatures during low tide
exposure, with some mortality beginning to occur at 40°C (Wasson et al., 2014). When
paired with another stressor, such as low salinity, high air temperature can have more
pronounced lethal effects (Wasson et al., 2014).
Climate Change and Sea Level Rise
Climate change is expected to act synergistically with suitable Olympia oyster
parameters. Near-term warming of estuarine waters will probably be beneficial for oyster
growth and reproduction, based on existing experimental work. Although increasing water
temperatures could present an issue with regard to diseased and pathogens, and has been
linked to herpes outbreaks in commercial oyster species in Tomales Bay (Burge et al., 2007).
Exposure to high temperatures is projected to increase with climate change (Wassen et al,
2015).
Olympia oysters are not very sensitive to projected sea-level rise, although one
potential impact of sea-level rise could be increased local resuspension of sediment due to
greater wave action and tidal currents associated with deeper waters. This could result in
stressors associated with increased sediment burial in shallower areas. However, it could
result in more hard substrates becoming available for oysters, both because existing hard
substrates protecting human infrastructure may become submerged, and due to further
shoreline hardening to protect human land uses from sea level rise (Wassen et al, 2015).

About Clams
Although there are nearly 500 species of clams along the American coast north of
Mexico, there are three species of interest in this paper that were chosen based on their
historical presence in Wigi. According to a study by Tushingham et al (2016), Pacific Little
Neck (Leukoma staminea), Gaper (Tresus nuttallii), and Basket Cockle (Clinocardium
nuttallii) were found to be the three most prevalent species found in archeological digs in
Manila and Eureka and Tuluwat. Because the lifecycle, habitat, and predation are extremely
similar, they will be discussed in general for all three clam species. While there are still
more clams found in Wigi than anywhere else along the California coast, overharvesting
was an issue during the 1960s and 70s that led to a survey of the populations remaining in
the bay. It was found that most of the clams being harvested were located in the South Bay,
with additional locations along the jetty and within the Elk River. When the Department of
Fish and Game resampled the bay in 2008, they found a 75% decrease in the average clams
harvested between 1975 and 1989 (McVeigh et al., 2010). The 2008 survey showed an
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increase in gaper clam harvest (84% of the catch, up from 45%), but a decrease in Pacific
littleneck clams (0.5% of the catch, down from 19%) (McVeigh et al., 2010). This reduction in
annual harvest is a daunting prospect for clam species in the Pacific Northwest, and an
indicator that restoration work could be useful in the succession of clam populations.

Figure 12. Clam Beds in Wigi - North Bay

Life cycle
Clams are known as “broadcast” spawners, which means that they release eggs and
sperm into the water column, relying on the water currents to help them find another clam.
In some species of clam, the egg remains within the female until fertilized, in others, it is
released. When an egg becomes fertilized it develops into a microscopic larva that is
free-swimming within the current, propelling itself and feeding using a ciliated appendage
called vellum. They will be swimming and growing for two to four weeks after which they
begin to settle and find a safe location to live. Once in their chosen location, they secrete
sticky threads to stabilize themselves while they use a foot to dig into the mud (Figure 13).
These clams can live up to between 12 and 17 years and are some of the largest common bay
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clams in Oregon and California. The eggs and larvae remain in the neritic ocean layer, near
the surface, and always above the 200-meter mark.

Figure 13. Lifecycle of a clam (source: Community Science Investigations-Maine. n.d.)

Habitat
In Oregon, the typical depth for finding these three clam species is 12 to 16-inches,
although larger specimens can be found in depths up to 30 inches. Their substrate of
choice is fine to firm sand or sandy-mud bottoms and is often found in bays, estuaries, and
the most sheltered part of the outer coast. This species is found in polyhalite to euryhaline
waters (salinity class between 18-35) with temperatures of 1-21°C (8).
Environmental stressors
Littleneck clams, (Leukoma staminea)
Like other natural resources, the littleneck clam is increasingly being subjected to
threats from overharvest, water pollution, and loss of habitat due to urbanization. They are
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particularly sensitive to water-quality issues such as high levels of copper and trace
amounts of oil in their environment (Alaska Fish and Wildlife, 2022).
Gaper (Tresus nuttallii)
Predators include moon snails (Euspira lewisii), sunflower stars (Pycnopodia
helianthoides), short-spined sea stars (Pisaster brevispinus), Dungeness crabs (Cancer
magister) and the hairy triton (Fusitron oregonenesis).
Basket Cockle (Clinocardium nuttallii)
Nutrient over-enrichment can produce adverse ecological effects. Anthropogenic
land-based input is the predominant source of nutrients in the majority of U.S. estuaries
and has led to the over-enrichment of many estuaries worldwide (Boesch, 2002). Cockles
also suffer from the predation of bird species that feast on the clams during low tide events
(Boesch, 2002).
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Three Bivalve Restoration Scenarios
Scenario 1: Olympia Oyster Restoration
Purpose:
The first scenario we explored is a pilot Olympia oyster restoration project for the
purpose of working towards rebuilding dense, breeding populations in historical areas of
abundance in order to maintain the cultural and ecosystem benefits for future generations
(Puget Sound Restoration Fund, 2022). The goal in this scenario is to construct oyster bed
habitat and ecosystem services while using green infrastructure materials that have
minimal impact to the structural properties of the bay. Although Wigi has one of the largest
remaining populations of Olympia oysters along the west coast, providing specific habitat
conditions through this restoration scenario would present a valuable opportunity to help
restore the historic reefs to their original state.
Restoration Methods:
1. Laying down Substrate
In this scenario, the ideal location for the project would contain a long, contiguous
mudflat (up to 200 ft) with little existing substrate, so that the addition of substrate would
make the most significant impact for Olympia oyster habitat restoration. The substrate of
choice would be laid down somewhere between the 0.1m - 0.5m mark at MLLW for ideal
results (Whitcraft, 2022). However, during a pilot project, we recommend placing substrate
at a variety of depth between the -2.0m - to 1.0m mark at MLLW to determine best results
within the specific ecology of Wigi. The substrate used would consist of discarded shells
that are ideally sourced locally, but do not need to be Olympia oysters. Located in T’wayat,
now known as Samoa, the Hog Island Oyster Company presents a viable option for
providing shells to such a restoration project. Laying the shell substrate can be done in a
variety of ways, which is demonstrated in the CSU Long Beach project that Dr. Christine
Whitcraft is leading. Their first pilot project utilized mid-sized coconut husk bags, which
they weaved together, stuffed with shells, and layed out one by one along their project site.
Because of the amount of time and labor used to create each bag, in a subsequent project
their team laid down a large sheet of the woven coconut husk cords, and then dispensed
the shells onto the sheet in the mudflat, lastly folding the sheet around the shells and
sewing it up to make a “burrito” structure (Whitcraft, 2022). Dr. Whitcraft also noted the
importance of leaving spaces between the substrate structures so as not to displace all
other species from the unique environment of that specific elevation. While substrate
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depth, shell type, and packaging material can vary between experiments, these are the
basic components for laying substrate in this restoration method.

Figure 14. Methods for shellbag restoration (Source: Wasson, 2015)

2. Populating substrate
Because there are existing populations of Olympia oysters within Wigi, it would be
useful to sample the water column and determine the level of broodstock already in the site
location. If the count is low, the recruitment will be more successful with the addition of
broodstock into the water at the site. As our group spoke with Gary Fleener, he mentioned
that Hog Island Oyster Co. is licensed to grow Olympia oyster broodstock. This presents an
excellent source for a restoration project to purchase broodstock to populate the shell
substrate if necessary. Because Olympia oysters can take up to two years to reach full
maturity, understanding the lasting results of the project may take time.
Benefits:
Using green substrates such as shell discards would reduce the impacts to existing
mudflats, likely reducing the need to receive a dredging permit from the USACE. The four
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major categories for benefits include: regulating, supporting, provisioning, and cultural
(Figure 15). Additionally, this scenario could serve as a great educational place-based
learning site. Across the West coast, native Olympia oyster restoration projects are being
led by universities similar to Cal Poly Humboldt, where students and community members
are given the opportunity to enhance their understanding of what restoration is, as well as
deepen their connection to the place where they study.

Figure 15. Olympia oyster restoration benefits. (Source: Adams, J.B.; Raw, J.L.; Riddin, T.; Wasserman,
J.; Van Niekerk, L. Salt Marsh Restoration for the Provision of Multiple Ecosystem Services. Diversity
2021, 13, 680.)

Challenges:
According to Gary Fleener, the three major aspects that present challenges to an
Olympia oyster restoration are habitat, successful episodic restoration, and a large larval
abundance. Habitat limitations primarily relate to a lack of hard substrate, which for this
restoration will be compensated for through the planned introduction of substrate as a part
of the restoration. The second potential threat mentioned, episodic recruitment, is
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something that is primarily influenced by oceanographic conditions. Oysters don't always
have a good year, but having a repetition of good years is essential for the oysters to
successfully establish a reef. If there is too much fluctuation in recruitment, the
populations will not grow. Lastly larval abundance was mentioned by both Gary Fleener and
Christine Whitcraft. There needs to be an abundance of larval bodies in the water column
for any restoration effort to succeed. Luckily, Wigi does have a significant population of
Olympia oysters compared to many other bays in California.
Additionally, because Olympia oyster reefs settled on shell substrates will do little to
buffer the wave actions of storms, the shorelines behind the sites may continue to erode
with the increase of sea level. The ensuing sedimentation may be problematic when it
comes to the survival of reproducing populations. This scenario would not provide a major
benefit to sea level rise mitigation.
Permitting might also pose a challenge especially with regard to the substrate that
will be added to the bay. One way these restoration projects have been executed involves
the use of discarded Pacific oyster shells which, Gary Fleener suggests, might be a problem
when acquiring permits from the State (Fleener, 2022). Also, due to health regulations,
there is a two year processing cycle that shells must undergo before they can be added
back into the water (Fleener, 2022). Fleener mentioned that it has been difficult for Hog
Island Oyster Co. to find willing property owners to age over their two-year term period.
Examples:
Olympia Oyster Restoration in Puget Sound, Washington:
In 1998, the Washington Department of Fish and Wildlife (WDFW) developed an Olympia
Oyster Stock Rebuilding Plan, which was adopted by Puget Sound Restoration Fund (PGRF).
Years of native oyster restoration in Puget Sound have been a collaborative partnership
effort facilitated by PSRF involving government agencies, treaty tribes, shellfish growers,
other non-profit organizations, private tideland owners, and volunteers (Blake, 2012). The
primary objectives of these restoration efforts are the biological conservation of Olympia
oysters and their associated habitat. Their objectives are re-establish, rebuild and enhance
natural native oyster assemblages, ensuring the species’ long-term persistence in the face
of changing sea levels, temperatures, chemistry, and the competing uses of Puget Sound
marine waters and tidelands (WDFW, 2019).
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Figure 16. Puget Sound Oyster Restoration Project, 2022. (Source: Conserving and Protecting Elkhorn
Slough, n.d)

Elkhorn Slough Native Oyster Restoration:
The Elkhorn Slough National Estuarine Research Reserve along with the University
of California, Santa Cruz (UCSC) and the University of San Diego has embarked on a native
oyster restoration project with the goal of doubling the oyster population on the Reserve
over the next decade to try and restore a nearly locally extinct species (Zabin, 2016). The
goal of this restoration project was to prevent local extinction, maintain a remnant historic
population, and provide a stepping stone connecting the northern and southern oysters
along the California coast. As a part of this restoration an experiment was conducted to
examine the responses of native oysters to varying tidal elevations, shoreline types, and
distances from source populations. The severely altered mudflats have benefitted from the
filtration of sediment and the native oyster population is currently on the rise.
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Figure 17. Puget Sound Oyster Restoration Project, 2022. (Source: Conserving and Protecting
Elkhorn Slough, n.d)

Restoration of Native Oysters in Alamitos Bay, CA:
CSU Fullerton, UC Long Beach, and OC Coastkeeper implemented a native Olympia
oyster restoration and educational outreach effort at the Jack Dunster Marine Reserve in
Alamitos Bay, CA. This project serves as an exciting example of a community and
educational outreach program, alongside restoration activity, with the goal to act as a
catalyst for further restoration efforts throughout southern California. (SCC, 2015). This
serves as a good example to understand how a constructed oyster bed changes community
diversity and how it affects adjacent eelgrass communities (SCC, 2015). The main objectives
of this project were to restore an Olympia oyster bed to Alamitos Bay that can support
native Olympia oysters at a higher density than on the existing adjacent mudflats.
Additionally, this project served as a learning opportunity for the researchers to learn how
oyster beds interact and work synergistically with adjacent eelgrass communities while also
increasing public awareness and engaging the public in a restoration activity (SCC, 2015).
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Figure 18. Alamitos Bay, 2022. (Source: Southern California Wetlands Recovery Program, n.d)
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Scenario 2: Oyster Living Shoreline for SLR Adaptation

Overview:
This scenario for an oyster reef would allow an engineered substrate to act as a
barrier to sea-level rise and shoreline erosion. Oyster cultivation will still be present but
the main goal of this design is to protect shorelines from wave activity and rising sea levels.
Submerged structures dissipate incoming wave energy by forcing waves to break on top of
the crest as the freeboard of the reefs decrease (Armono, 2004). In this scenario, the use of
bank stabilization and habitat restoration techniques will reinforce the shoreline to
minimize coastal erosion and maintain coastal processes while protecting, restoring,
enhancing, and creating a natural habitat for fish and aquatic plants and wildlife (NOAA
Restoration Center). Through artificial structures, the ability to propagate Olympia oysters
and mitigate sea level rise issues is very possible.
SLR Living Shoreline Methods:
Some methods for shoreline protection that do not involve highly engineered
structures can utilize natural elements. An alternative, or artificial, substrate is an umbrella
term that encompasses any substrate used for oyster reef restoration other than the shells
of the area (Brumbaugh & Coen 2009). Artificial substrate includes organic matting, fiber
logs, and repurposed dredge spoils which can be applied to create benefits similar to those
of rock jetties and seawalls (Bowlsby, 2016). Oysters increase the abundance of fish and
wildlife through their creation of complex habitats and improvement of water quality
through filter feeding. Oysters also stabilize sediments and buffer erosion and surface and
sub-surface wave energy, which can reduce the impacts of sea-level rise (OC Coastkeeper,
2022).
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Figure 19. Methods for SLR Mitigation (Source: Wasson, 2015)

Benefits:
Models for sea level rise projections show that some areas around Wigi will be
inundated with water during certain tidal events by the year 2050 (Caltrans, 2019). As most
of the communities surrounding the bay are located near the shoreline, issues with sea
level rise are becoming an increasingly serious concern. Given the drawbacks of traditional
shoreline hardening, measures such as living shorelines are increasingly being incorporated
as solutions (Wasson, 2014). Part of the advantage of using Olympia oysters as a restoration
species is that they are not very sensitive to projected sea-level rise. Rising sea levels may
actually have positive effects on native oyster populations unless water temperature rises
above 21℃. This is because the Olympia oyster can survive with frequent inundation, and is
often displaced by non-native species who take over higher elevations.
The California Climate Change Adaptation Strategy recommends the use of Living
Shorelines as a potential adaptation method to reduce the need for engineered hard
shoreline protection devices and to provide habitat functions and values (SCC, 2012). The
State Coastal Conservancy Climate Change Policy also recommends Living Shorelines to
reduce erosion and trap sediment, allowing for buffering of tidal wetlands and migration of
habitats (SCC, 2012). Both policies have a goal of improving estuarine habitat resiliency in
the future to cope with sea-level rise and other environmental changes related to climate
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change (SCC, 2012). Because there is so much policy written in support of these structures,
the funding opportunities for this project scenario are high.

Challenges:
An issue with these substrates is that they may not have the ability to create enough
rigidity within the shoreline to prevent sea level rise mitigation, as they are more natural
structures with gaps left between them to ensure habitat continuity. With the imminent
arrival of sea-level rise, researchers suggest that a more engineered and designed structure
will be more productive in protecting the shoreline communities. Additionally, if sea level
rise increases sedimentation from greater wave action and tidal currents associated with
deeper waters, larval growth of the oysters may be hindered (Wasson, 2014).

Examples:
Living Shorelines Project in San Francisco Bay: Nearshore Linkages Project:
Using large substrates made of 80% native bay elements, the project builds upon the
successful methods and planning from earlier efforts to integrate oyster and eelgrass
habitats. The project goal is to analyze subtidal restoration techniques and restore critical
eelgrass and oyster habitat, while learning more about the potential physical benefits of
biological reefs along the shoreline. (Coastal Conservancy, 2012).
E Street Marsh Living Shoreline Project, San Diego, CA:
The project is designed to determine if native Olympia oysters successfully recruit
on constructed reef ball elements. The effect of tidal elevation on the recruitment of native
oysters and the ability of constructed reefs to protect shorelines are the main goals being
identified. Erosion, flooding and whether constructed reefs support higher degrees, or
levels, of biodiversity than in adjacent mudflats are analyzed.
Upper Newport Bay Living Shoreline Project:
Olympia oyster (Ostrea lurida) and eelgrass (Zostera marina) habitat in Upper
Newport Bay using natural structures as habitat that will also serve to buffer and protect
adjacent shorelines from sea level rise and erosion. Thick degradable bags filled with oyster
shells as substrate were placed in intertidal mudflat of 0.1m- 0.5m.

Bivalve Restoration Suitability Analysis in Wigi

39

Scenario 3: Clam Garden Restoration
Overview:
Along the Pacific Northwest, Indigenous peoples have been actively and sustainably
managing natural resources in their environments since time immemorial. One example of
this type of management is the terraced beaches protected by kilometers of rock walls built
in the intertidal zone, now commonly known as “Clam Gardens” (Recalma-Clutesi, 2005).
Much like a land garden, clam gardens are places that have been prepared to create the
best growth opportunities for the desired species. Some clam gardens appear to be more
than 2,000 years old, and clam middens (sites where shell discards were intentionally piled)
suggest shellfish have been a key food source for over 5,000 years.
Clam Garden Methods:
The structure of a clam garden is created by laying out rocks or similar rubble on a
sloping coastline (Ocean Wise, n.d). Within just a few years, the slope behind the rock wall
becomes less steep, and the area of ideal conditions for clam habitat expands (Moss and
Willam, 2017). Rock wall structures can span up to 200 feet in length, and may be compiled
of any rubble like materials around. This simple technology is ancient, and timeless.
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Figure 20. Clam garden Sketch denoting the boulder wall, and the sand clam flat.
(Source: Moss and Wellman, 2017)

Benefits:
The increase in a gentle sloping, highly sedimented area serves both as a benefit to
biodiversity, as well as a sociocultural benefit to First Nations’ food sovereignty
(Recalma-Clutesi, 2005; Groesbeck et al., 2014; Duer et al., 2015; Lepofsky et al., 2015). While
these structures are now commonly referred to as clam gardens, they have been shown to
increase the productivity of many other marine organisms as well, such as sea cucumbers
and whelks (Figure 21). Marine life accounts for much of coastal Indigenous diets, and clam
garden restoration projects not only affect marine diversity, they are an integral part of
many Indigenous cultures. A clam garden project led by the Wiyot NR department or the
Cal Poly Humboldt Food Sovereignty Lab could provide an opportunity to increase
Indigenous food sovereignty and share knowledge.

Figure 21. Sea Cucumbers and Whelks in a clam garden wall.
(Source: Smith, Clam Garden Network)

Challenges:
The amazing capabilities of clams to filter water (up to 65 gallons per day) leave
them extremely vulnerable to any harmful bacteria, viruses, marine biotoxins, or pollutants
in the water. While water quality may be improved for plants and other aquatic species, this
pollution may render the shellfish unsafe for consumption. Besides the possibilities for
contamination, the regulatory process for a restoration project that includes commercial or
non-commercial harvest will pose additional permitting requirements, and would require
water sampling before and after implementation of the project. Additionally, clam gardens
are primarily used in situations where the slope of the beach is steep. Because Wigi
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consists primarily of mud flats, there may be little purpose for a rock wall clam garden
within the bay. However, in sites where the invasive dense-flowered cordgrass (Spartina
densiflora) is creating high, jutting areas between channels, we see potential benefit from
the clam garden.
Examples:
W̱SÁNEĆ Clam Garden Restoration project
The W̱SÁNEĆ Nation, in collaboration with nine other First Nation Tribes of Canada
and the Canadian Parks Department, completed a large scale, collaborative Clam Garden
Restoration taking place between 2014 to 2019. When the project was over, they created a
“Clam Garden Report” which contains details of the historical and cultural methods of
W̱SÁNEĆ clam garden management along with W̱SÁNEĆ laws and protocols for how to
harvest clams in honorable ways (Olsen, 2019). This project provided inspiration and
methodologies for the Swinomish project (below).
Puget Sound: Swinomish Clam Gardens
In 2015, the Swinomish Tribe in Puget Sound, Washington began work to revive an
ancient clam garden that their people had been historically managing since time
immemorial. Because their tribal lands are 95% abbutting to coastal waters, the project was
initiated to address the noticeable decline in clam populations. This 200 foot garden
project on the coastline of Kiket Island is more than an ecological restoration project, but
has significant impacts on the health and cultural well being of Swinomish peoples.
Swinomish tribal member and seafood harvester, Joe Williams, explained to Hannah
Weinberger in an article published in December of 2021 that “Clam gardens came to be as a
way of providing for people throughout change…And now that we're witnessing the decline
of these populations…we're going to employ our ancestral technology to help us adapt”
(Weinberger, 2015). There is much excitement across the Indigenous communities of the
Puget Sound area, and the Swinomish tribe is eager to share their research and
methodologies with Tribes who are interested in enhancing food sovereignty in their
regions (WSG News Blog, 2021). This project is one of the first revitalization of the clam
gardens since the onset of European colonization, and a major opportunity for cultural
connections as well as food and knowledge sharing (Weinberger, 2015).
The Clam Garden Network
This project is aimed at sharing and uniting the work of First Nations, academics,
researchers and resources managers throughout the west coast of Canada and Washington
State who are developing and managing clam garden restoration projects. Their website
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includes an abundance of information on various aspects of clam gardens such as research
sites, cultural lessons, and educational media with links and citations.

Permitting For All Scenarios
There are a number of permits required for all three scenarios as a part of the permitting
process. These include federal, state, and local permits. Additionally each scenario requires
a few additional permits that are specific to each project. Lastly there are different
permitting requirements for the different locations proposed.
Army Corps of Engineers:
● Permit under Section 10 of the Rivers and Harbors Act of 1899.
● Permit under Section 404 of the Clean Water Act.
U.S. Fish and Wildlife Service
● Consultation under Section 7 of the Endangered Species Act (ESA).
National Marine Fisheries Service
● Consultation under Section 7 of the ESA.
California Coastal Commission:
● Coastal Development Permit
● Grading Permit
● Section 307(c) of the Coastal Zone Management Act of 1972
California Department of Fish and Game:
● Import Permit
● Broodstock Permit
● Scientific Collection (Fish and Wildlife Code § 1002, 1002.5 and 1003)
○ Fish and Game Code sections 1002, 1002.5 and 1003 authorize the California
Department of Fish and Wildlife to issue permits for the take or possession of
wildlife, including mammals, birds and the nests and eggs thereof, reptiles,
amphibians, fish, certain plants and invertebrates for scientific, educational,
and propagation purposes
Humboldt Bay Harbor, Recreation and Conservation District:
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●

Development Permit, Lease or Franchise.

North Coast Regional Water Quality Control Board:
● Water Quality Certification under Section 401 of the Clean Water Act.
● California Environmental Quality Act (CEQA)
● Nationwide Permit no. 27 (Aquatic habitat restoration permit)
○ Activities in waters of the United States associated with the restoration,
enhancement, and establishment of tidal and non-tidal wetlands and riparian
areas, the restoration and enhancement of non-tidal streams and other
non-tidal open waters, and the rehabilitation or enhancement of tidal
streams, tidal wetlands, and tidal open waters, provided those activities
result in net increases in aquatic resource functions and services.
Wigi is considered a water of the US and a water of the state making it subject to the
US ACE on a federal level. The state through the Coastal Act has granted the authority of
the Coastal Commission to regulate up until MHHW. All work done towards restoration in
the bay will involve working closely with the Coastal Commission. Aldaron Laird suggests
inviting the Coastal Commission out before beginning any project to explain the project to
them and get them on board, since their approval will be required for any scenario to be a
success.
With regards to eelgrass, permits must be obtained from agencies that have
jurisdiction over the bay including the Army Corps of Engineers, California Coastal
Commission, the Humboldt Bay Harbor, Recreation and Conservation District, the City of
Eureka and the City of Arcata. There are multiple agencies that have jurisdiction over Wigi
and its resources. The effect that a restoration project might have on Humboldt County’s
eel grass sensitive habitat, is a chief concern for Federal, State and local agencies. Each
agency has a different policy for eelgrass and what mitigation is necessary for any loss
(SPN-2002-26912N)
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Analysis of Four Selected Sites

Figure 22. General site locations with images attached to better discern between the potential sites
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Woodley Island

Figure 23. Woodley Island Site with Elevation (in feet) and Distance from Eelgrass in Wigi

Under the management of the Harbor District, Woodley Island is the largest marina
in Wigi. Woodley Island is an extension of Eureka Slough draining the Freshwater
Creek/Ryan Slough watersheds. The edges of Woodley Island are salt marsh and mudflats.
High levels of species diversity occur on the island. On the Northwest side of the island is
Gerald O. Hansen Wildlife Area which is an area of interest for sitting bivalve restoration.
Human disturbance on oyster beds is a large factor of why the Northwest side of the island
would be a great fit for scenario two. The Harbor District owns the parcel where we have
proposed a potential oyster bed restoration. The East side of the Islands shoreline is
fortified with concrete to account for the marina, docks, and boat usage.
The Woodley Island Bivalve Restoration site has a high amount of disturbance
compared to other proposed sites. This is due to the multitude of vessels that go in and out
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of the marina. There also happens to be a high level of recreational activities such as
kayaking, fishing, paddle boarding, and rowing that can impact the potential oyster beds.
On paper, the site seems to be feasible because it meets most of our parameters including
elevation at fifty percent tidal inundation. Based on correspondence with the Harbor
District, a bivalve restoration project is potentially of great interest to the agency.
Recommendation:
Based on the parameters for the three scenarios we have analyzed, we consider
scenario two, an Olympia oyster restoration project for SLR adaptation, to be the best fit
for the Woodley Island Site. Woodley Island is the largest marina in Wigi, therefore is
subject to large amounts of boat traffic making it a location of high disturbance. Woodley
Island is also a valuable resource for import and export around the bay, making it a
vulnerable sight for SLR danger. Based on SLR projections, by the 2060 sea levels are
estimated to rise 3 feet (Laird, 2013). With an increase of 3 feet in sea level, most of
Woodley Island will be inundated with water. With increasing shoreline erosion issues, the
sediment that generally builds up with oyster restoration projects can enhance the
shoreline’s durability and longevity. Due to the fact that the shoreline on the Northwest
side of the island is mudflat and saltmarsh, this creates more vulnerability with rising sea
levels, which is why we have targeted this area as a potential site for an oyster bed with SLR
benefits. The East side of the island has a fortified shoreline that is built higher, which we
believe can help to mitigate seal level rise issues. The larger engineered substrate for oyster
cultivation can also act as a fortification strategy to protect the shoreline. Based on our
conclusion that scenario two is a potential fit for the Woodley Island site, we are not
excluding the other scenarios from being a good fit, but believe that the potential for SLR
mitigation is of the utmost importance.
Another aspect to consider is the economic value that Woodley island yields. Being
the largest marina in Wigi, it is a main thoroughfare for local industry, as well as, home of
permanent boat tenants. Many of the imports and exports for local industry come in and
out of the Woodley island marina. On Woodley island there is a National Oceanic and
Atmospheric Administration (NOAA) headquarters, protecting this site is of economic value
as well. The Samoa bridge connects the Samoa Peninsula to Eureka, stopping on Woodley
and Tuluwat island along the way. This connection is an important evacuation route in case
of emergency for the communities that live on the Samoa Peninsula. Sea level rise
inundation to Woodley island could cut off one of two main evacuation routes for
communities on the Samoa Peninsula.
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Samoa Dunes and Wetlands

Figure 24. Friends of the Dunes Parcel with Elevation and Eelgrass Distances

The shoreline of the Samoa Dunes and Wetlands Eastern Parcels is made up of
Railroad coastal infrastructure. The area also consists of a salt marsh habitat and mudflats.
The shoreline runs along Highway 255, with relief of approximately 5 feet from the railroad
to the mudflat. The salt marsh is covered with dense-flowered cordgrass and banks steeply
into the mudflat. The site is currently owned by the Friends of the Dunes but managed by
the Bureau of Land Management. The site is being transferred to the Wiyot Tribe from the
Friends of the Dunes, as it was originally the ancestral land of the Wiyot people (Cipra,
2022). The Samoa Dunes and Wetlands site has numerous channels that act as good places
to anchor substrates for oyster cultivation. Highway 255 runs parallel to the site and would
allow accessibility by staff and managers of the site. A culvert runs into the marshland
parallel that funnels saltwater from the bay via tidal fluctuation.
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On the Samoa Dunes and Wetlands site, there is a large population of exotic
dense-flowered cordgrass (Spartina densiflora). This cordgrass can re-engineer salt
marshes by growing to the very edge of a mudflat beginning to overaccrete sediment thus
outcompeting native species and changing the dynamics of salt marsh ecosystems
(Thornton, 2011). Removal of the species would allow for an even distribution of sediment
and a healthy ecosystem for Oyster or clam populations to flourish. In correspondence
with the Wiyot people, the tribe has expressed interest in a dual purpose restoration
project of removing dense-flowered cordgrass along with oyster/clam cultivation.
Recommendation:
Based on our research the Samoa Dunes and Wetlands site will work for both
Scenario one or three, Olympia oyster restoration or Clam garden restoration. Human
disturbance is potentially a threat from traffic on the highway or pedestrians but not via
boating disturbances as the marshland is relatively shallow on low tides. Based on
ecological parameters the cultivation of both clams and oysters could potentially be
productive at this site. Clam gardens generally help with grading embankments that are
very steep, to be more gradual, creating a more dynamic mudflat (Olsen, 2019). This will
create better cohesion when applying the substrate.
Similar to the clam garden restoration, Olympia Oysters like a more gradual
embankment of mudflat. Olympia oysters have a longer life cycle than the species of clam
identified, which would require an area of less disturbance and decent tidal inundation.
Based on the fact that there are no freshwater outlets near this site, oyster cultivation is
likely to succeed. The largest risk to both oyster and clam cultivation at the Samoa Dunes
and Wetlands is the potential for predation via bird species and aquatic animals. Tidal
fluctuations in the bay could potentially transport toxins on outgoing tides from Mad River
Slough towards the Samoa Dunes and Wetlands site posing another potential risk.
Due to the cultural significance of Olympia oysters and native clam species to the
Wiyot people, and their history with these species, there is great importance for both
scenarios of restoration projects. Partnered with the dense-flowered cordgrass removal,
oyster or clam cultivation could potentially have great ecological benefits to the salt marsh
ecosystem at this site. Although we recommend scenarios 1 and 3, this does not mean that
scenario 2 is not a valid option for restoration.
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Ma-le’l Dunes North

Figure 25. Parcel Ownership for Ma-le’l Dunes North

The shoreline near Baduwa’t partially is fortified with shoreline reconstruction and
vegetative marsh and mudflat. North of the Ma-le’l Dunes Park is Humboldt Bay National
Wildlife Refuge land owned by the U.S. Fish and Wildlife Service (USFWS). It was also
designated as a National Natural Landmark in January of 2021. Lands adjacent to the site in
the east and south contain estuaries influenced by tides moving up to 10 vertical feet
(Enviro-Net Consulting Firm, 2003). Extending east by three miles to the City of Arcata, the
lands are flat, containing several small sloughs and mostly utilized as agricultural land. To
the north and west of the site, the Lanphere Dunes and Pacific ocean provide a barrier of
forested coastal dune habitat (Enviro-Net Consulting Firm, 2003). Gary Fleener noted in his
interview that based on his observations there are currently plenty of wild brood stock in
the Mad River Slough area. Local research illustrated the same picture as Olympia oysters
broodstock has been harvested in the Mad River Slough for other Olympia oyster research
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as populations are present throughout the slough. Based on our research, this site could
potentially have dioxin pollution in the sediment from the previous Sierra Pacific lumber
mill (Kalt, 2022). Despite this, Mad River Slough is a State of CA-certified shellfish growing
area, with multiple permitted aquaculture areas.
Recommendation:
Given the parameters for the three scenarios we have analyzed, we consider
scenario one and three, an Olympia oyster restoration and a clam garden restoration
project, to be the best fit for the Ma-le’l Dunes North site. Ma-le’l North is currently a
certified State of California Shellfish growing area, where there are a number of
commercial operations currently. Within the Comanagement Plan adopted by the BLM and
USFWS, they talk about the history of European settlement and have coordinated with the
Wiyot Tribe to use Wiyot trail names. This leads us to believe that the USFWS could be
open to the possibility of a co-management clam garden restoration project with the Wiyot
Tribe’s Natural Resources department.
The presence of dioxins from the Sierra Pacific mill and water pollution from sewage
runoff and nearby agriculture could pose a threat to the consumption of Clams or oysters
grown there, so we recommend that the water quality be sampled in the initial stages of a
restoration project. Oysters in scenario 1 are not intended for human consumption and are
less impacted by the potential of dioxins, whereas if Scenario 3 were to be applied here the
concern for consuming dioxin presents a greater threat. Additionally, since this location is
managed by the USFWS, permits required on private land ownership will not apply.
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Gannon Slough

Figure 26. Parcel Ownership for Gannon Slough

Gannon Slough is currently property of the City of Arcata. As a part of SLR resilience
planning, the City of Arcata has acquired more land adjacent to Gannon Slough which is
named the Gannon Slough Wildlife Area. Both areas owned by the City are already
encumbered by restrictions prohibiting uses that are not consistent with Arcata’s open
space and conservation goals. The shoreline is constructed of dike and railroad coastal
infrastructure. Gannon Slough runs perpendicular to Highway 101. Along the diked
shoreline there are salt marsh and mudflats. Prior research on Olympia oysters has taken
place here and there are established Olympia oysters in the area. Grotzman Creek and
Jacoby Creek flow into Gannon Slough. Oysters are currently present at this site.
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Recommendation:
Based on the parameters for the three scenarios we analyzed, we would recommend
scenarios 1 or 2. Given that there are currently established Olympia oyster populations at
the site (the largest beds we are currently aware of) we know this site can host the oyster
population and meet their habitat parameters. Due to the placement of Gannon Slough
near Highway 101 this location could serve as a pilot site for a Olympia oyster living
shoreline that could be implemented at several spots along the highway 101 corridor in
coordination with other projects aimed at SLR resilience.
The goals and objectives of the City of Arcata include habitat restoration within the
Gannon slough wildlife area, thus the adjacent area could be a beneficial place to invest in
further restoring wildlife habitat. Especially given that Olympia oysters can provide habitat
for various marine life that key species of concern, including coho salmon, feed on.
Anadromous fish do currently use Gannon Slough. The Slough and its tributaries including
provide habitat for species such as the Tidewater goby (Eucyclogobius newberryi), Coho
salmon (Oncorhynchus kisutch), Chinook salmon (Oncorhynchus tshawytscha),
Steelhead–Northern California ESU (Oncorhynchus mykiss), and Coastal cutthroat trout
(Oncorhynchus clarkii). Additionally this site is expected to be completely inundated with 3
feet of SLR, but according to Gary Fleener Olympia oysters can be very tolerant of sub tidal
conditions, can live 15 ft under water and never be exposed to air suggesting this might be
an appropriate site (Fleener, 2022; Laird, 2013). This location has been host in the past to
other restoration work to improve estuarine channels and conditions, and fish passage and
a restoration like scenario 1 could serve to further improve habitat conditions especially for
locally listed endangered species.

Conclusion
Summary of our findings:
Given the knowledge we have accumulated through interviews, personal
communications, and outreach, we believe that funding for this project would be
accessible. In the words of Gary Fleener, “This is a perfect moment for the work that you're
going to do” (Fleener, 2022). Multiple organizations have expressed interest in sourcing
funding for the planning, implementation and long term management of a bivalve
restoration project on Wigi. A project based on any of the three scenarios we described,
and at any of the four locations we analyzed, could provide benefits to bay ecology, sea
level rise mitigation, food sovereignty, Wiyot cultural resources, Cal Poly Humboldt
research initiatives, and community engagement in bivalve restoration.
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Future research suggestions:
While our group had looked at multiple sites in Rrak Vou’s Halu Wigi, our research
mostly excluded the southern extent of Wigi., with the exception of preliminary scoping for
a site on HBNWR land (not included in this report). This was done to allow time for
thorough consideration of each site, and to maintain proximity to the University. However
through the preliminary research we did conduct, we were able to determine that there are
many areas with potential for project locations in the South Bay. We recommend that
future research be conducted to gain a more thorough understanding about site suitability
in the South Bay. This research could serve as a future capstone project or could be written
into a grant as a part of a food sovereignty or sea level rise mitigation initiative.
Additionally, our analysis did not encompass genetic sampling of the present native clams
and Olympia oyster populations of the bay, which would be useful for regulatory and
practical aspects of a restoration project. In Puget Sound, researchers have found 5 unique
genotypes for Olympia oysters, and with the current lack of analysis it is currently
unknown which, if any, unique genotypes exist here.
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Map of Wiyot dialects and villages with locator Sources: Shoreline contours from
OpenStreet Map Golla, Victor; California Indian Languages (2011) [1] Loud, Llewellyn
L; Ethnogeography and Archaeology of the Wiyot Territory (1918) Nomland, Gladys
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Appendix A
A.1 - Interview Questions with Gary Fleener

A.2 - Interview Questions with Aldaron Laird
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A.3 - Interview Questions with Adam Wagschal

A.4 - Interview Questions with Christine Whitcraft
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Appendix B
B.1 - Bivalve Restoration Field Guide from Field Tour on March 29, 2022
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Appendix C
Figures from UBC COASTAL ADAPTATION LAB’s research on clam gardens
(https://blogs.ubc.ca/coastaladaptationlab/clam-gardens/)
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